Vanishing Hall Coefficient in the Extreme Quantum Limit in Photocarrier-Doped 

SrTiOs 
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We have investigated the extreme quantum limit of photogenerated electrons in quantum para- 
electric SrTiOs. This regime is distinct from conventional semiconductors, due to the large electron 
effective mass and large lattice dielectric constant. At low temperature, the magnetoresistance and 
Hall resistivity saturate at high magnetic field, deviating from conventional behavior. As a result, 
the Hall coefficient vanishes on the scale of the ratio of the Landau level splitting to the ther- 
mal energy, indicating the essential role of lowest Landau level occupancy, as limited by thermal 
broadening. 
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Magnetotransport properties in the extreme quantum 
limit where only the lowest Landau level is partially 
occupied, has been an attractive topic in semiconductor 
physics as a natural extension of the Shubnikov-de Haas 
effect in three dimensions ij| and integer quantum Hall 
effect in two dimensions [3]. The requirements to reach 
the quantum limit are [l| 



LO c T > 1, 

huj c > Ef, kT, 



(1) 
(2) 



where u c — eH/m* is the cyclotron frequency (e is the 
elementary charge, H is the magnetic field, and m* is 
the electron effective mass), r is the carrier relaxation 
time, Ef is the Fermi energy, and kT is the thermal 
energy. In bulk semiconductors, there are few candi- 
dates to reach the quantum limit because a carrier den- 
sity n < fO 17 cm~ 3 is needed, based on condition (2) 
within a free carrier approximation under a typical labo- 
ratory magnetic field of 10 T. Since most semiconductors 
are insulating in the range of such low n, it is difficult 
to maintain sufficiently high electron mobility to satisfy 
condition (f ). According to the Mott criterion, the criti- 
cal carrier density for a metal-insulator transition is given 
by n c ~ (0.25/a*) 3 , where a* = eh 2 /m*e 2 is the effective 
Bohr radius (e is the dielectric constant) Applying 
the Mott criterion to condition (2), we find a necessary 
condition as e r /m r > 1 .3 x fO 3 , where e r and m r are de- 
fined by e/erj (eo is the vacuum permittivity) and m* /mo 
(mo is the bare electron mass), respectively. In terms 
of this requirement, the quantum limit has been exten- 
sively studied in narrow-gap semiconductors such as InSb 
(to* = 0.0I4m o , e r = 16) and Hgi^Cd^Te (x ~ 0.2, 
to* = 0.007mo, e r = 17) because of their extremely small 
effective mass In this limit, magnetic freeze-out has 
usually been observed, in which the magnetic field in- 
duces the localization of carriers by shrinking the elec- 
tron wavefunction. Wigner crystallization has also been 
proposed as the high- field ground state 0, 0] . 

Quantum paraelectric materials such as SrTiC>3 can 



provide alternative materials candidates due to the large 
lattice dielectric constant, exceeding 20,000 at low tem- 
perature [Sj. In addition, electrons can have rather high 
Hall mobility [i (> 10,000 cm 2 V -1 s" 1 ), easily sat- 
isfying condition (1) [9|. However, the large effective 
mass (m* = I.2mo [10} ) dictates that the approach to 
the quantum limit is rather different than for narrow- 
gap semiconductors. In those systems with small to*, in- 
termediate temperatures are sufficient to meet condition 
(1) because of the large Landau level splitting. Similarly, 
at low temperatures Ep can also be relatively large, so 
that the starting point under zero magnetic field is a de- 
generate electron gas. With increasing magnetic field, 
nondegeneracy is caused by the lowering of Ep follow- 
ing E F tx 1/H 2 0| . By contrast, for SrTi0 3 , the small 
Landau level splitting requires low temperature and low 
Ef- At such low densities, the experimentally accessible 
zero field state is a nondegenerate electron gas. Thus, the 
regime of the quantum limit obtained in SrTiC>3 is rather 
unique, and has never been experimentally studied. 

In this Letter, we report the results of magnetotrans- 
port studies of SrTiC>3 in the nondegenerate quantum 
limit down to 2 K. We have used photocarrier doping to 
create a homogeneous, low carrier density electron gas far 
below that accessible by chemical substitution. Chemical 
doping is further limited by a tendency toward intrinsic 
clustering, as observed for oxygen vacancies 
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Although the low-field magnetotransport properties ex- 
hibited conventional semiconductor behavior, as previ- 
ously reported EE [3, at high magnetic fields the 
transverse magnetoresistance and Hall resistivity satu- 
rate. This results in a strong drop in the magnetic 
field dependent Hall coefficient, which was well scaled by 
Huj c /kT, indicating a tendency toward a vanishing Hall 
coefficient for the partially occupied lowest Landau level, 
dominantly limited by thermal effects. This scaling was 
found to be robust over almost 2 decades in carrier den- 
sity. 

SrTiC-3 single crystals were cut into typical dimensions 
of 3.0 x 0.5 x 0.5 mm 3 , and electrical contacts were made 
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by In ultrasonic soldering at the sides of the sample. The 
experimental details of the photoconductivity measure- 
ments have been given previously fill ]. The light inten- 
sity and wavelength were fixed to constant values of ~ 
0.05 mW/cm 2 (unless otherwise indicated) and A = 380 
ran. At this wavelength, just at the band edge, the car- 
rier density profile perpendicular to the sample surface 
can be neglected because of the large optical penetra- 
tion depth, far exceeding the thickness of the crystal (the 
light intensity is estimated to vary by < 10 % through 
the thickness of the sample) [l7j . In these conditions, 
the photoconductivity of SrTiC"3 has been well estab- 
lished. The photogenerated carriers thermalize on the 
time scale of U/kT = 4 x 10~ 12 s (2 K), while the pho- 
toluminescent decay (roughly the carrier lifetime) is ~ 1 
ms at low temperatures [18j. Thus under continuous il- 
lumination, a steady-state quasi-equilibrium is achieved. 
The mobile carriers are electrons, the holes are trapped, 
and the low-field magnetotransport coefficients are typ- 
ical of electron-doped SrTi0 3 [§, Q El 111- The tem- 
perature dependence of the low- field transport properties 
(0 T data) for these studies are given in Fig. 1 (a)-(c). 
To summarize the basic parameters of the photogener- 
ated electrons under these illumination conditions, a 3D 
electron gas is formed with n(2 K) = 2 x 10 13 cm -3 , 
E F /k = 27 mK, and H/t(2 K) = 0.8 K. 

Figure 1 (d) and (e) shows the transverse magnetore- 
sistance and Hall resistivity p xy of SrTiC>3 (100) as a 
function of magnetic field with varying temperature. p xy 
is normalized by the Hall coefficient Rh = p X y/H in 
the low-field limit. At low field, p xx and p xy are well de- 
scribed by conventional expressions, p xx — C,(pH) 2 (£ is a 
constant of order one) and p xy = H/ne 7 respectively. At 
high fields however, particularly with decreasing temper- 
ature, p xy saturates. We confirmed that this nonlinearity 
is also present in the cases of i?||(110) and 7J||(111) by 
using different orientation samples, ruling out anisotropic 
effects. To further examine this unusual feature, the nor- 
malized magnetic field dependent Hall coefficient Rh (H) 
is given in Fig. 2 (a). Rh is almost constant at higher 
temperature, while it rapidly decreases by an order of 
magnitude by 2 K. 

A number of scenarios for this drop in Rh within a 
Boltzmann transport picture can be ruled out. A real 
increase in n induced by magnetic field would imply a 
dramatic drop in p [10 T data in Fig. 1 (a)-(c)], highly 
inconsistent with the negligible doping dependence ob- 
served in this range of density fl6j | . In spite of the re- 
semblance to the magnetic anomalous Hall effect fl9j |. 
our results imply a loss of scattering at high fields, not 
additional spin scattering at low fields. Similarly, we 
can exclude the explanation of multi-band conduction or 
magnetic breakdown, because Rh = l/ n eff£ is a robust 
result in the high- field limit, where n e ff is potentially a 
net compensated carrier density jl9| . 

To understand what determines the magnetic field 
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FIG. 1: (Color online) Temperature dependence of (a) resis- 
tivity p xx , (b) 1/Rhs, and (c) mobility p of photocarrier- 
doped SrTiOs at T and 10 T under continuous illumination 
at A = 380 nm, 0.05 mW/cm 2 . (d) Transverse magnetoresis- 
tance and (e) Hall resistivity normalized by the low-field Hall 
coefficient as a function of magnetic field. 



scale for the saturation in p xyi it is helpful to consider 
the hierarchy of the relevant energies. Since Ep is so 
small, the nondegenerate electrons have kT energy. This 
is also larger than scattering effects for all of these mea- 
surements {kT > H/t), given the high electron mobility 
(u> c t — 17 at 2 K at the maximum field of 12 T, us- 
ing the low-field transport coefficients). In this case, the 
nondegenerate quantum limit is determined by the ra- 
tio Huj c /kT, which gives the scale for having well-defined 
lowest Landau level occupancy. Figure 2 (b) shows that 
the loss of Rh is set by this scale. 

Perhaps the phenomenologically closest observation to 
these results is the ~ 10 — 40 % reduction of Rh in 
narrow-gap semiconductors, just prior to to the onset of 
magnetic freeze-out (sometimes referred to as the "Hall 



dip" or "Hall plateau") [20j,|21 



. Scenarios proposed 
to explain this feature include inhomogeneous metallic 
clusters [20j, three-dimensional quantum Hall effect 2l| . 
and Zeeman splitting of the lowest Landau level 22J . Al- 
though these theories predict Rh reduction around the 
critical field for magnetic freeze-out, strong divergence 
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FIG. 2: (Color online) Hall coefficient of photocarrier doped 
SrTiO-3 (A = 380 nm, 0.05 mW/cm 2 ), normalized by its low- 
field value as a function of (a) magnetic field and (b) hu) c /kT. 
The dashed line in (b) indicates the Boltzmann function. 



of p xx and p xy has been experimentally observed in the 
extreme quantum limit, which is absent in our measure- 
ments. The form of this divergence has been argued by 
some to suggest a Wigner crystal [1, Q • One of the key 
parameters for magnetic freeze-out is the binding energy 
Eb , which is strongly affected by m* , similar to the other 
energies discussed above. Eb in the high field limit can 
be approximated as [23| 



E B {H) 



2m*a* 



In 



(3) 



where I = \J h/eH is the magnetic length. Even at 10 T 
the binding energy corresponds to ~ 1.4 K for SrTiC>3. 
The large m* pushed the state of magnetic freeze-out to 
the regime of extremely low temperature and high mag- 
netic field, and thus would appear unrelated to the satu- 
ration in p xy observed here. 

We also note that the form suggested for partial freeze- 
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FIG. 3: (Color online) a xx as a function of a xy for photocar- 
rier doped SrTi0 3 (A = 380 nm, 0.05 mW/cm 2 ). The points 
corresponding to H=0.5 T, 1 T, 2 T, and 10 T are shown for 
the data at 5 K and below. 



out in magnetic clusters [20| does not describe our data. 
Instead, the simplest approximation is the Boltzmann 
function, as shown in Fig. 2 (b). Although the signifi- 
cance of this is presently unclear, it is striking that the 
crossover in Rh to the extreme quantum limit follows a 
classical form. A related point of comparison are studies 
above 50 K in conventional semiconductors of approach- 
ing the quantum limit starting from nondegenerate elec- 
trons (kT > E F ) 0. There only a weak feature (< 20 
% change) was observed crossing fuv c /kT ~ 1. In those 
higher temperature studies, acoustic phonon or piezoelec- 
tric scattering was dominant, whereas our experiments at 
low temperature in SrTiC>3 were dominated by ionized 
impurity scattering (as well as the trapped holes). 

Another perspective on the unusual high field trans- 
port properties can be seen in Fig. 3, where a xx is given 
as a function of a xy at various temperatures. At high 
temperature, the conventional parabolic relationship is 
observed. In particular, with p xx saturated, the high 
field approach to the origin is given by a xx oc a xy . With 
decreasing temperature, however, increasing deviations 
from this form are observed, such that by 2 K, it is diffi- 
cult to imagine a conventional extrapolation for H — > oc. 
Given that we can rule out virtually all conventional 
mechanisms as discussed above, we are left to speculate 
whether a collective state is approached at high field. 
This would be unexpected in the following sense. The 
electron energy (kT ~ 0.09 x T meV) is lower than the en- 
ergy of the soft polar optical phonon (Hu) p h onon (2 K) ~ 2 
meV [25]). which is the phonon approaching a soft-mode 
transition that classically would lead to ferroelectricity. 
The carriers can be well dynamically screened by the lat- 
tice despite poor electron-electron screening at low n, 
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FIG. 4: (Color online) Hall coefficient for photocarrier doped 
SrTiOa (A = 380 nm) normalized by its low-field value as a 
function of hui c /kT, for varying carrier density obtained using 
0.005 - 0.5 mW/cm 2 light intensity at 2 K. 



in addition to static screening of impurities or trapped 
holes. Thus we expected to observe a conventional high- 
field limit for weakly interacting electrons, which is not 
what is experimentally found. 

Finally, we have extended these studies over a broad 
range of carrier densities by varying the intensity of illu- 
mination at A = 380 nm. All of the features were quite 
similar to those given in Figs. 1-3. To summarize the 
central observation of the vanishing Hall coefficient, Fig. 
4 gives the scaled Rjj for data spanning a factor of 62 
change in density. In all cases, the data are well described 
by a drop when hw c /kT ~ 1. 

In conclusion, we have demonstrated that quantum 
paraelectric materials can reach the quantum limit due to 
their large dielectric constant, utilizing homogeneous, low 
carrier density doping by photocarrier generation. Due 
to the large effective mass and small Fermi energy, we 
have studied the low-temperature nondegenerate quan- 
tum limit, a regime which has never been previously in- 
vestigated. The magnetoresistance and Hall resistivity 
in SrTiC>3 were observed to saturate at high magnetic 
field, and the loss of the Hall coefficient is well described 
by the parameter, ftw c /kT . Although a detailed analy- 
sis is not accessible due to the lack of a formal theory, 
the occupancy of the lowest Landau level is found to be 
crucial for these observations. Although these data are 
limited to 2 K by our current experimental capabilities, 
we note that the extremely low light intensities needed 
allow, in principle, access to dilution refrigerator temper- 
atures. Lower temperature studies should shed further 



light on the effects of magnetic freeze-out and disorder 
on these phenomena. 
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